Abstract Improvements in coating deposition technology enable the mass production of high-quality diamond-like carbon (DLC) coatings at an industrial scale and also increase their use in lubricated contacts. However, the understanding of the interactions of different lubricant additives with this material is not yet fully developed. This study focuses on several fundamental aspects of the tungsten-doped DLC coating (denoted as WDLC) behaviour under boundary lubrication conditions with model lubricants. The effect of lubricant additives on the coating structure change is discussed in terms of carbon structure and the tungsten dopant. Electron energy-loss spectroscopy, XPS and Raman spectroscopy characterization for the upper carbon layers indicate that the WDLC coating interacts chemically with selected lubricant additives. The study provides information on both coating and additive optimization under boundary lubrication.
Introduction
The increasing demand for lower fuel consumption aligns with the aim to reduce carbon emissions. The stringent emission legislation has pushed forward research and has accelerated the introduction of hard coatings such as DLC and nitride coatings [1] [2] [3] [4] [5] . Application of DLC coatings in the automotive industry is seen as an alternative approach towards reducing the dependence on some high SAPS (sulphated ash, phosphorus and sulphur) additives [1, 6] . This is due to their relative chemical inertness compared with ferrous surfaces. However, more and more research has shown the dependence of additives on tribological performance [2, 6, 7] . There are numerous commercially available DLCs, which differ from each other by their different carbon structures [5] . On the other hand, commercial lubricants comprise different additives and also depend on selected interfaces. Understanding of coating and additive interactions requires more fundamental research to understand how optimization of the entire system can be achieved [1, [6] [7] [8] .
There are some key questions that need to be answered. In particular, the understanding of additive interactions on coating surfaces and how the coating structure changes chemically and/or mechanically remains largely unknown. This study focuses on only one coating (W-doped diamond-like carbon-WDLC) lubricated with model lubricants. This coating is commercially available and has been extensively investigated. However, reported literature showed no superior performance over other metal-doped or non-doped DLCs [1, 6, 7, [9] [10] [11] . There are a number of possible reasons, i.e. different coating composition, hydrogenation, tribological and processing conditions, and the various additive packages used [1, 7, 11] . Most of the literature is on large-scale experimental evaluations. Tribochemistry understanding between WDLC coatings and lubrication additives is limited.
A lot of work has been done on different mechanisms of some most popular and conventional additives in ferrous and non-ferrous (DLC) surfaces, such as glycerol monooleate (GMO), molybdenum dithiocarbamate (MoDTC) and zinc dialkyldithiophosphate (ZDDP). [1, 2, [6] [7] [8] [9] [10] [12] [13] [14] . Most of them suggest that the mechanisms are either by interactions with the carbon coating surfaces (GMO, for example) [9, 10, 15] , or chemical decomposition (MoDTC and ZDDP, for example) [2, 14] , or by formation of tribological films that claimed to have some superior structure or properties [7, 13] . Some of the mechanisms suggested by experimental results have also found evidence in molecular dynamic simulations [10, 13, 16] . However, the WDLC coating has not been clarified yet with those mechanisms. The change in the coating structure in different lubricants has been studied in the last 20 years with the aim being to clarify the potential for graphitization and the possible relationship with friction, wear and durability of DLC coatings [9, 12, 17] . The relationship between mechanical properties of the coating interface and different additives is still not yet clear although recent work has started to deal with aspects of this [8] .
Starting from an understanding of the WDLC coating structure, this study investigates the effect of additives on the change of the coating structure. Surface analysis techniques are employed to assess both the physical (atomic force microscopy-AFM, scanning electron microscopy-SEM and nanoindentation) and chemical (Raman spectroscopy, electron energy-loss spectroscopy-EELS and X-ray photoelectron spectroscopy-XPS) properties of both the tribofilm and the potential structure change of the coating. The outcome of this study is expected to provide valuable information on lubrication system design and optimization when using transition metal-doped coatings and lubricant additives.
Experimental Methodology

Materials and Lubricants
WDLC coating is deposited on an AISI 52100 bearing steel coupon with a thickness of around 2.5 lm with some chromium interlayers. The coating used in this study is metal doped and a hydrogenated coating. Details of the original coating can be found in Fig. 1 , which shows the transmission electron microscopy (TEM) image of the coating cross-section. Full information of the coating is listed in Table 1 . The process of the deposition for the WDLC coating does not use oxygen-containing precursors. Therefore, oxygen is not a constituent of the as-deposited coating.
Lubricants used in this study are the combinations of three conventional additives, i.e. GMO, MoDTC and ZDDP. These additives were blended in base oil (PAO 4). Details are shown in Table 2 . They are as follows: Oil 1 (Base oil), Oil 2 (ZDDP), Oil 3 (GMO ? ZDDP), Oil 4 (MoDTC ? ZDDP) and Oil 5 (GMO).
Tribological Tests and Wear Measurements
The tests are conducted using the Cameron Plint TE77 with a point contact pin-on-flat configuration. In these tests, an initial contact pressure 700 MPa is simulated with a 5 mm stroke. A WDLC coupon is clamped and immersed in a temperature-controlled lubricant oil bath at 100°C. The counter-part pin is BS1452 cast iron (CI) with a sliding end of 10 mm in radius. The test duration is 2 h, and final steady friction coefficient is calculated by averaging the last 30 min friction data points.
Measurement of the wear volume of the coating material loss is carried out using a Bruker NPFLEX white light interferometer. From these data, the wear coefficients are calculated. Prior to wear measurement, samples are cleaned in acetone in an ultrasonic bath for 15 min to remove possible films, deposits and/or contaminated species that could skew the measurement of the coating material loss.
Surface Characterization
A Veeco DI SPMLab NT Atomic Force Microscope (AFM) is used to study the surface topography by the contact mode scan for an area of 5 lm 9 5 lm in the wear scar region. The samples are cleaned in n-heptane to remove the excessive oils. Chemical characterization is studied by X-ray photoelectron spectroscopy (XPS), using a VG Escalab 250 (Thermo Scientific) model with a high-intensity monochromatic Al K-alpha soft X-ray source. By monitoring the spectra of W 4f, top surface (several nanometres) is analysed, in particular, if additives would interact with the W dopant. Prior to this analysis, samples are rinsed in n-heptane for a couple of seconds. The data are processed by CasaXPS (CasaXPS software version 2.3.15 Ltd., UK).
The effect of additives on the carbon coating structure change in terms of sp 2 /sp 3 ratio is studied and compared in two different ways, i.e. micrometre scale Raman spectroscopy (InVia Raman, Renishaw) and nanometre scale electron energy-loss spectroscopy (EELS). Prior to both studies, the samples are cleaned in n-heptane with the aim to remove only the excessive oil from the surface. A 488 nm laser source is used in wear scar surfaces by scanning from 800 to 1,900 cm -1 in Raman. Under this visible laser excitation, two carbon peaks can be studied. Proper curve fitting is performed considering the full-width at half-maximum (FWMH) [3] .
EELS is conducted by using a Philips CM200 TEM system. Both carbon K-edge core loss and low loss spectra of the cross-sectional interfaces are collected. The EELS provides a precise way to measure carbon sp 2 content at the spatial resolution at nanometre scale. A platinum electron beam protective layer is deposited on the surface. Thus, the contamination and coating structure damage by the powerful ion beam can be reduced. By curve fitting EELS spectra, the sp 2 content can be quantified and compared with highly ordered pyrolytic graphite (HOPG) as a reference (100 % sp 2 ). The spectra collecting angle is 6 mrad in consideration of the orientation effect. This makes sure that the EELS measurement of HOPG has no issues caused by the mutual attraction of polar molecules resulting from alignment of dipoles.
A nanoindentation platform, NanoTest TM (Micro Materials Ltd), is employed with a fixed load (2 mN)-fixed time (loading/unloading for 30 s, respectively) method. Prior to nanohardness measurements, the samples are cleaned in acetone bath. Mechanical properties, i.e. hardness and Young's modulus of WDLC coating, are measured. A matrix of 10 9 5 indentation data points are collected, starting from the edge of the wear scar, to the wear scar centre with an interval of 35 lm. Thus, a more representative average hardness/modulus result covering a wide range of the worn region can be studied and compared with the original WDLC surface. Post-test unloading curves are analysed by the Berkovich equation as the rig uses a Berkovich diamond indenter. A typical indentation of the coating is shown in Fig. 2 . Depth, hardness and reduced modulus of the coating surface are calculated. The proposed method chosen in this study shows an indentation depth \200 nm (\10 % of the total coating thickness), indicating that the measurements are taken from the coating only without any effect from the substrate. 3 Results
Friction and Wear
Processed friction and wear results of the lubricated interfaces for the five model oils are presented in Fig. 3 . WDLC has a large range of friction (the highest 0.10; the lowest 0.06), indicating the significant role of additives in WDLC/CI lubrication. In base oil, WDLC friction is reduced compared with steel/CI tests (friction coefficient 0.12). Considering that there are no additives in base oil, the difference in friction between steel/CI and WDLC/CI tribosystems is due to the intrinsic properties of the coating. The presence of the conventional anti-wear additive ZDDP in different model oils results in huge differences although the same ZDDP treat rate is applied. Both ZDDP and MoDTC ? ZDDP solutions give low friction (0.07); ZDDP ? GMO solution shows an increase (0.10). ZDDP is commonly used as an anti-wear additive, and friction has been widely reported to increase due to the formation of the phosphate tribofilm on steel contacts in the literature [7] . A previous study on DLC coatings lubricated in GMO has indicated that the frictional surface generates OH-terminated surfaces (a few nanometres) and graphitic layers, which would lead to a significant friction drop [10] . This is a phenomena referred to as superlubricity. However, a study by the authors previously using one GMO solution (0.2 wt%) in WDLC coating has shown removal of such DLC coating [14] . In the current study, the lowest friction observed at the WDLC/CI interface is 0.06 (GMO, 0.5 wt%). The mechanism needs to be clarified and compared. In the literature, the coatings used for the superlubricity studies were mostly hydrogen-free, non-doped DLC coatings against steel/DLC counter parts [9, 10] . The widely reported literature on WDLC coatings normally reports moderate friction with sometimes high wear depending on selected additive systems [1, 7, 11] . The structure of WDLC coating is quite different to non-doped DLC as is mentioned in Fig. 1 , i.e. the coating grows above interlayers with tungsten carbide and amorphous carbon sources alternating every a few atomic layers. The commonly used DLC coatings are more amorphous (mixed carbon structures) rather than such a layered composite. The potential friction reduction mechanism for the layeredlike WDLC coating will be discussed further in this study, taking into account the coating properties obtained by Raman and EELS.
Wear for short laboratory scale test of 2 h is expected to be low and reduced compared to steel due to the increase in hardness. However, in these conditions, the coating lubricated with a base oil fails. A depth profile of the wear scar shows over 2.5 lm from the centre, indicating a complete removal of the carbon film. The additives in this paper, whether traditionally categorized as anti-wear agents or friction modifiers, protect the coating surface and reduced the wear coefficient compared to base oil. However, tests in the single additive MoDTC system carried out in another study, resulted in the coating being worn out completely after very short periods [14] . The lubricant additive interactions on WDLC-lubricated systems have shown great importance. The coating structure and interactions in boundary-lubricated conditions are investigated by AFM, XPS, Raman and EELS in this study. Effect of additives on the coating wear was studied by AFM topography. Figure 4 shows the small wear scar area topography of 5 lm 9 5 lm in comparison with the original WDLC coating. The vertical direction is the reciprocating sliding direction. The first message is that the reciprocating process 'polishes' the surface. The coating maintains manageable wear for short-time (2 h) tests in the presence of additives. Thus, the oil chemistry plays an important role in WDLC lubrication. However, completely different topography is produced by different additives. As a result, the lubrication system exhibits different friction values, whilst the direct relationship between topographic images and lubricant additives is not clear. An SEM image of WDLC coating lubricated in base oil is presented in Fig. 5 . It can be seen that polishing wear of the WDLC coating is continuously removing the coating surface and delamination has occurred (black spots). The presence of lubricant additives does prevent the coating from severe wear, indicating again the importance of lubricant additives in WDLC coating lubrication. However, no direct relationship can be concluded from the AFM and SEM studies in terms of friction and wear, and their relationship with the topography. Therefore, other physical properties, such as the upper coating layer mechanical hardness and elastic modulus of the wear scar, will be discussed in the next session.
Physical Nature of the Upper Carbon Layers:
A Nanoindentation Study Figure 6 results clearly show that mechanical properties of surface layers of WDLC coating also depend on the additives used in the tribological system. Hardness and modulus of the worn region in base oil are also measured although the carbon films are removed in places. It can also be seen in Fig. 6 that organic friction modifier GMO influences WDLC coating structure, i.e. both hardness and reduced modulus decreased (GMO ? ZDDP and GMO). The presence of ZDDP increased the hardness in the absence of GMO. The pressure-induced surface hardening indicates the anti-wear film is more compliant than the underlying coating surface [13] . Regarding the change in elasticity of the materials, it is normally attributed to the changes in the chemical connectivity [13] . GMO changes the coating structure in a way physically/chemically as is suggested in the previous discussions. The degree of reduced modulus of the worn regions decreased to 120 GPa (GMO ? ZDDP/GMO) compared with original coatings (140 GPa). It is believed that a highly cross-linked structure increases the modulus of the material [13] . Thus, the ZDDP and ZDDP ? MoDTC-containing lubricants normally show an increase in hardness. However, hardness change in GMO-containing lubricants modifies the surface in a completely different way, i.e. there appears to be a significant loss in hardness on the very top surface layers. In other words, the tribofilms formed on the surface have shown great differences in mechanical properties and additive dependence. Reduction in hardness may also benefit the counterpart where its nature is originally cast iron. Such soft surfaces without any anti-wear film formation can result in high wear. The increase in hardness and modulus for MoD-TC ? ZDDP-containing lubricants can be explained by the highly cross-linked chemical connectivity of the lubricant additives in the tribofilms [13] . It is widely reported that cross-linking anti-wear film formation and the synergy of MoDTC ? ZDDP play an important role in friction and wear reduction [2, 13] . Hardness of DLCs lubricated in MoDTC-containing lubricants in recent literature shows a good agreement due to surface hardening [8] .
XPS:
A study on the Doping Element W WDLC coating does have a high wear (Fig. 3 ) in base oil, but this wear has seen to be reduced depending on the lubricant used. Whether tungsten carbide interacts with lubricant additives is not yet understood. XPS W 4f spectra of the post-test samples are shown in Fig. 7 . It should be noted that apart from W 4f spectrum, the XPS analysis has included also the spectra of other elements detected on the wear scar. However, the primary focus for the current study is the understanding of the tungsten structure qualitatively, and hence, only W 4f spectra have been shown. For the ones with minimum wear on the coating, the dominant features of the 4f 7/2 and 4f 5/2 spectra are metallic (W/WC) [17] [18] [19] [20] , with binding energy (B.E) = 31.5 eV (W4f 7/2 ). In the presence of ZDDP/MoDTC additives, there is also a possible interaction between tungsten and sulphur species, i.e. the formation of WS 2 . For binding energy at about B.E = 32.8 eV (W4f 7/2 ), there is also a possible formation of WS 2 [19, 21] that overlapped with the tungsten oxides. The clarification of the formation of WO x and WS 2 is necessary. Study of similar tribofilm by using Raman spectroscopy [14] has enabled clear identification of WS 2 and MoS 2 in the tribofilm. With/without MoDTC, the wear scar of ZDDP sulphur-containing samples is also checked by Raman spectroscopy with the same procedure discussed in the previous study. There are no Raman spectra in the range of 350-420 cm -1 , indicating that there is no formation of WS 2 on any of the worn surfaces without MoDTC [14, 22, 23] . Only in the combination of ZDDP/ MoDTC, oil has shown strong Raman peaks centred about 408 and 383 cm -1 in agreement with authors' previous study [14] . These peaks indicate the formation of MoS 2 . Therefore, the rise of the chemical states of tungsten shown in Fig. 7 is mostly attributed to the oxidation of tungsten, rather than sulphurization. These indicate no dramatic changes in coating metallic structure.
The presence of additives (GMO, MoDTC and ZDDP) on the coating surface gives rise to oxidized tungsten 4f 7/2 and 4f 5/2 spectra (WO 3 /WO 2 ) [17] [18] [19] [20] . It is clear that there is a level of oxygen integration into the tribofilm on the coating surface, which means the coating dopant is interacting with the lubricant additives. The W 4f peak features an even stronger oxide appearance where the oil is additive-free (only hydrocarbon chains). The coating fails as is shown in its wear measurement. Introduction of ZDDP additive to such a WDLC/CI tribological system has reduced the formation of tungsten oxides. ZDDP helps to control the level of oxygen adsorbing on the lubricated surfaces leading to, as current results suggest, less tungsten oxide formation on the coating surface. The formation of tungsten oxides in base oil tribology tests may possibly be the reason for the high wear (coating failure). Thus, controlling the level of oxygen in the WDLC/CI tribological system appears to be critical and is primarily responsible for different friction and wear performance.
Raman Spectroscopic Study on the Coating
Structure and the Related Tribological Performance
Whether the carbon structure has been changed with its carbon atom hybridization, or in other words, whether the sp 2 /sp 3 content has changed, has been studied using Raman spectroscopy by qualitative analysis of the carbon sp 2 content. Raman spectroscopy analyses across a micrometre scale domain in depth from the top surface. Spectra are collected using 10 % of the total laser power as is discussed in a previous study [14] .
The calculation of I D /I G ratio for carbon D peak and carbon G peak involves peak fitting for the Raman spectra of the carbon region. The peak fitting considered the D band at 1,350 cm -1 (phonons of Al g symmetry) and G band 1,580 cm -1 (E 2g phonon of carbon sp 2 bonding). A good feature of Raman for visible photons (compared with UV Raman) is that although WDLC coating contains hydrogenation within the process, it does not show the C-H bonds [3] . Thus, the ratio of I D /I G intensity gives an indication of the extent of disorder in graphitized structures [3] . Following a number of approaches (background removal, data normalization and curve fitting) with the software of the spectrometer, the results are then comparable from a qualitative aspect. Results are shown in Fig. 8 with a plot of I D /I G ratio against friction coefficient for each lubricant, respectively.
The I D /I G ratio of the original WDLC coating (prior to any tribology testing) is also provided in the graph, and a virtual value of zero for friction coefficient is assigned. The ratio dropped compared with the original coating structure in the cases of low friction (GMO, ZDDP and ZDDP ? MoDTC), indicating a lower degree of disorder in graphitized structures. In other words, the carbon content at a particular spot size has more sp 2 content. This is in an agreement with other reported literature about the change in carbon structure [9, 12, 14] , i.e. coating re-hybridization.
However, the frictional performance cannot be simply linked to the change between post-test I D /I G ratio and the ratio without lubrication (original coating). This is obvious as the rank of the change of
, whilst the rank of the friction coefficient is l(ZDDP) = l(MoDTC ? ZDDP) [ l(GMO). Furthermore, the little rise in GMO ? ZDDP-containing lubricant results in a higher friction.
The Raman spectroscopy study of additive-induced layers gives us the non-quantitative understanding of the surface structure under a large domain (typically at micrometre scale). The advantage of this technique is that all the experiments can be done in an ambient environment rather than in high vacuum conditions. However, the tribochemistry and effect of additives on the tribological performance and/or the coating structure seem to be difficult to be studied by this length scale. This is because as is discussed in Sect. 3.3 of the nanoindentation, the mechanical properties change of the upper layers has several hundred nanometres and the tribochemistry of different additives can only be studied if the tribofilm and/or coating structure has significant big change that can be analysed by Raman at a micrometre scale. To enable the fundamental study of interactions between additives and coating atoms, EELS is introduced as a semi-quantitative method to study the carbon bonding tribochemistry. EELS spectra, and this technique has been used for many years for material characterization [4, 24, 25] . There are mainly two different features for the same element showing in an EELS spectrum, the core loss and low loss, depending on the different energy band. With the care of curve fitting in both spectra at a wide range of energy losses, EELS can determine the type of atoms and the numbers of atoms of the element of interest [4, 24] . For DLC coating, carbon can be easily detected, and thus, it offers a good way of semi-quantifying the carbon sp 2 content of the carbon materials and compares the tribochemistry. The coating surface is examined at the nanometre scale.
TEM samples of the cross-sectional area in the wear scars have been prepared similar to what is shown in Fig. 1 . Carbon materials exhibit two EELS featured spectra for distinguished features about different chemical bonding, core loss (main loss region over 250 eV) and low loss (\100 eV). Both core loss and low loss spectra in correlation to Fig. 1 (EELS interface and EELS bulk) are collected, aiming to investigate the coating carbon structure change between the top surface of the wear scar (interface) and the area close to the interface (bulk, adsorption). Different from the study of carbon structure by Raman spectroscopy which studies a surface area with a submicron depth, EELS study on carbon low loss spectra (Fig. 9 of WDLC coating for example) and carbon K-edge core loss spectra (Fig. 10 of WDLC coating for example) is on a thin cross-sectional film in the wear scar region with nanometre resolution.
By mathematical data processing and normalizing to a reference, the sp 2 content of the carbon coating can be quantified. Here, highly ordered pyrolytic graphite (HOPG) is used as a reference (pure sp 2 ). There are publications suggesting ways to process EELS data, claiming advantages and drawback of the methods [4, 5, 24] . Zhang et al. [4] suggested a three Gaussian's peak fitting for the core loss; Daniels et al. [24] suggested the data processing for low loss. Both methods are used in this study for the core loss and low loss spectra collected, respectively. Both these papers considered the possible contribution of C-H r * in their method [4, 24] . As a significant degree of hydrogenation is maintained in the original WDLC coating structure, the method suggested by Zhang et al. [4] for three Gaussian's fitting method is chosen.
For low loss (Fig. 9) , mathematical processes are applied and two carbon coating features can be further measured. One feature centred at ca. 6.5 eV is defined as the interband transition of p ? p * . The bulk valence Plasmon centred at 26 eV features the (p ? r) contents [24] . These overlapped features can then be quantified in a way by measuring the content of sp 2 (p ? p * ) using a 4 eV window onset at 4.5 eV and a 60 eV window (most of the inelastic intensity) onset from the same position.
For the core loss data, a series of background removal, three Gaussian's fittings and sp 2 content measurement of asymmetric peak centred at ca. 285 eV (1 s ? p * ) and total of 20 eV window (main carbon structure) onset at 282.5 eV are applied. Three Gaussian's peak fitting considers carbon C=C p* at ca. 285 eV (red in Fig. 10 ), C-C r* at ca. 292 eV (green) and C=C r* at ca. 300 eV (orange) [4] . The equation for sp 2 quantification with reference to HOPG is shown in Eq. 1. The processed data are tabulated in Table 3 . Overall, the core loss data show the interfaces of the coatings after the tests have higher sp content except for MoDTC ? ZDDP oil. Low loss data vary from case to case. The residual of GMO peak is quite different from the others. There are also differences between Raman and EELS studies as shown in Fig. 8 and Table 3 . All these observations will be discussed in discussion section.
Discussion
Monitoring Carbon Coating Structure: Raman Versus EELS
Both Raman and EELS have been employed for material characterization with great success [3, 24, 25] . From the material characterization point of view, they represent different length scales, i.e. Raman at a micrometre scale and EELS at nanometre scale. Single additive Oil 5 (GMO) and Oil 2 (ZDDP) show good agreement between EELS core loss and Raman analysis, which support the Raman experiment results in a positive way that the coating surface experienced an increase in sp 2 content due to the additive. However, EELS study of the other two additivecontaining oils does not fully correlate with the Raman study. Oil 4 (MoDTC ? ZDDP) gives a good friction reduction (0.07), and the surface is not significantly changed into rich sp 2 content according to EELS study; Raman study gives an indication that, on a larger and deeper domain, sp 2 content has increased. On the other hand, Oil 3 (GMO ? ZDDP) shows an increase in sp 2 content in EELS analysis (and friction increased) but not in agreement with the same trend in Raman study. From the results section, it is clear that the effect of lubricant additive formulation will lead to different tribological friction and wear performance. The mechanical properties change at the upper coating layers is also measured (Fig. 6) . Effect of additives on coating structure is likely to be considered by the EELS measurement if tribochemistry of the tribofilm is the primary target for such investigation rather than a general material characterization. It should be noted that Raman fitting results shown in Fig. 8 with the method described earlier are repeatable by 1 decimal place (1 d.p.) . At least five static scans in different areas of the wear scar are collected and fitted. Thus, the values in Fig. 8 are comparable as they are collected by the same condition and the same processing method. Possible reasons for the differences between EELS and Raman are as follows. Firstly, different length scales of Raman and EELS would affect these measurements. The measurement would correlate only when the wear regions are largely dominated by the additive-induced graphitization process and homogenous films are formed. AFM images have shown clearly that ZDDP-containing lubricants have relatively rough (not uniform) surfaces after the tests, particularly MoDTC ? ZDDP and ZDDP. Furthermore, MoDTC ? ZDDP lubricant gives a good friction reduction (0.07), which may also be attributed to the widely accepted mechanism, i.e. formation of MoS 2 [2] . In a smoother surface (GMO in Fig. 4) , both Raman and EELS core loss show a good agreement.
The study here has shown Raman cannot be implemented solely for the study of the coating structure change by different lubricant additives due to the length scale of Raman. Fundamental understanding of carbon re-hybridization, dehydrogenation and chemical bond scissions can be investigated with techniques such as EELS. In this study, the following discussions will be focused on the EELS measurements.
EELS Study on Friction and Coating Structure
Both EELS and Raman are historically used to characterize the carbon-based materials [3, 4, 24, 25] . The bulk material properties can be easily investigated by Raman in a qualitative way for a micrometre resolution [3] . EELS shows an advantage for more fundamental aspects and is able to answer some of the questions in terms of carbon rehybridization (core loss and low loss) and dehydrogenation (residual peak) at small spatial scales [25] .
Core Loss
The values measured are typical for amorphous carbon materials (around 70 %) [24] . Overall, major coating structure (bulk) maintains the original range except coating following ZDDP lubricated test where the sp 2 content is smaller. The results indicate that most of the main carbon structures remain unchanged regardless of additives. But obviously the effect of single ZDDP additive solution has a stronger and deeper influence on the coating structure. The interface experiences a significant increase/change in sp 2 content in GMO oils. Oil 5 (GMO) gives the lowest friction of all the tests. Similar trends of increases in tribological surface in Oil 2 (ZDDP) and Oil 3 (GMO ? ZDDP) samples are also observed, but no big change in Oil 4 (MoD-TC ? ZDDP) is observed. Therefore, WDLC carbon coating surface in oil lubrication system exhibits the carbon structure change (possibly an increase in sp 2 content), but such process also depends on additives used on the surfaces.
Low Loss
Although low loss spectra give a good feature in p ? p * transition which also enables sp 2 content quantification, it has been critically reviewed due to the mathematical process, which requires to subtract the large zero loss peak [4] . Due to resolution limitations of the EELS module used in this study, low loss method does not seem to be an ideal way for tribochemistry studies purpose as the results have shown quite large differences. Core loss spectra have a higher resolution in this case and also involve only a larger and easier background subtraction, and thus, the results are more reliable and accurate.
Residual
The always appearing feature (black line in Fig. 10 ) at ca. 287.5 eV received some discussions in recent work [4, 24] . In these studies, this feature is used as an indicator/a measure of hydrogen content in the coating material (1 s ? C-H * ) [4, 24] . Oil 5 (GMO) and Oil 3 (GMO ? ZDDP) have significant reductions in the integral of this residual compared with original coating at their interfaces. Some of the recent work on GMO with nonhydrogenated DLC coating has evidenced this hydrogen reduction observation via molecular dynamic modelling. [9, 10, 15, 16] . Also, the residual reduction in Oil 5 (GMO) does not only happen at the interface, but also on upper layers of the coating major structure (bulk), indicating a large-scale upper layer structure change by GMO modification. This has also been evidenced by its mechanical properties change measured by nanoindentation.
Furthermore, the reduction in C-H content is, in other words, dehydrogenation. Reviewing literature of the DLC coating mechanism on GMO, the bond interaction of C-OH terminates and dehydrogenation process (formation of water) would be a possible reason for this coating with low friction [10, 15, 16] . However, the interaction and superlubricity of GMO on non-doped hydrogen-free DLC coatings have only the very top interface dominantly terminated by the suggested mechanism [9, 10] . The reduction in both the coating main structure and interface of WDLC coating gives some messages that more interactions (chemically or physically) are experienced due to doping tungsten carbide. Details of the interactions need to be further studied in future work.
Wear Mechanism of WDLC/CI Lubrication and Effect of Lubricant Additives
As is discussed in the XPS results, there is a level of oxygen integration into the tribofilm/coating structure in oil-lubricated condition. Although all the model oils give rise to oxidized tungsten, base oil without any additives has shown the greatest formation of tungsten oxide, which led to the high wear/failure of WDLC coating. Introduction of additives in the base oil clearly controlled the oxidation level of tungsten. In other words, all the additives used in this study have changed the oil chemistry, which leads to the reduction formation of tungsten oxide. However, it has not direct relationship between the level of oxidation and tribological performance. Future work should focus on the chemical composition of the tribofilms formed on WDLC surfaces and how these films are correlated with wear mechanisms. Figure 11 shows the summary of such a lubrication system and the role of lubricant additives in the tribological performance. For coating and additive optimization, the factors should be carefully considered.
Summary of the Lubricated WDLC/CI Tribosystem and Roles of Lubricant Additives
Conclusions
• A low friction (CoF = 0.06) and manageable low wear tribological system in a reciprocating test rig have been achieved by GMO solution in WDLC/CI interface. The mechanisms of this performance could be the formation of a higher sp 2 surface layer with reduced hydrogen content, reduced hardness and reduced modulus. Surface analysis suggests that the change in coating structure is not only happening on the very top surface, but through the upper layers (possibly chemical adsorption due to coating structure). This is different from the traditional view of DLC coatings where coating forms functional groups on the very top surface.
• Coating surface is getting smoother after the rubbing process as is seen in AFM. However, there is no direct link between topography images and frictional performance observed physically. Thus, oil tribochemistry plays an important role in friction.
• The comparison of Raman and EELS core loss spectra studies has suggested that different lubricant additives do affect the upper carbon coating structure and can be studied by EELS from the fundamental point of view, in terms of quantifying the carbon sp 2 content and dehydrogenation.
• XPS study shows that introducing additives in WDLC coating tribological system is critical in wear protection where additives act as antioxidants and control the level of oxidation. Selected lubricant additives reduce the formation of tungsten oxides, a more brittle material, which could lead to the failure of such coating as is seen in base oil lubrication. However, controlling the level of oxygen on the surface is also important for friction reduction as is seen in single GMO solution.
